ABSTRACT Lead (Pb) has been known to be a cause of human poisoning since ancient times, but despite this, it was a widely used metal in the European colonial period. In this study, the relationship between Pb exposure and the demographic variables ancestry and age was explored by comparing the bone Pb levels of individuals that were of either African or European ancestry, excavated from a British Royal Navy hospital cemetery (1793-1822 CE) at English Harbour in Antigua, West Indies. More direct comparisons of Pb levels between the two ancestral groups were possible in this study because of the unsegregated nature of this cemetery. Inductively coupled plasma mass spectrometry was used to determine bulk Pb levels in cortical bone samples from the fibular diaphyses of 23 male individuals. No significant difference was found between the distributions of the Pb levels of the ancestral groups (p = 0.94). Further, no positive correlations or significant differences were found in relation to the individuals' ages and their Pb levels (p = 0.24). Levels of Ba, Ca and rare earth elements support a largely biogenic origin of lead. This is bolstered by Pb deposition patterns, generated by synchrotron X-ray fluorescence imaging for another study. The data suggest that naval personnel, regardless of ancestry at English Harbour, had very similar experiences with regard to Pb exposure. Their exposure to the toxic metal was likely not consistent over time as steady exposure would have resulted in accumulation of Pb with age. This study contributes to addressing historical questions regarding the prevalence of Pb poisoning within the British Royal Navy during the colonial period.
Introduction
The toxicity of lead (Pb) has been known for millennia. The first accounts of Pb poisoning can be found in Egyptian papyri (Hernberg, 2000; Nriagu, 1983) . Abdominal colic, a symptom consistent with Pb poisoning, was observed in a metalworker and described by Hippocrates ca 370 BCE. Later, in the second century BCE, palsy and abdominal colic were recognised by Nicander as being caused by leadcontaining compounds (Hernberg, 2000; Riva et al., 2012; Waldron, 1973) . The connections between Pb exposure and its effects were made again in the first century CE by both Dioscorides and Pliny (Hernberg, 2000; Waldron, 1973) .
Despite the understanding of the impact of Pb on health, it was widely used throughout history due to its versatility. The prevalence of considerable exposure resulted in several significant epidemics of Pb poisoning over time (Waldron, 1973) . Effects of chronic exposure to lower levels of Pb were both less well understood and less studied, in part because they affected individuals of lower socioeconomic classes whose occupations were often a source of exposure, and their working environments were rarely considered by those of higher socioeconomic status (Riva et al., 2012) .
The ubiquity of Pb continued into the European colonial period. Pb could be found in many items: water catchment systems, paints, glazes and cosmetics, as well as in medicines and food and drink (Handler et al., 1986; Nicholson, 1993) . Medical records from the British Royal Navy during the colonial period reveal that Pb intoxication was likely commonplace amongst the personnel (Blane, 1785; Buckley, 1978; Hughes, 1750; Lloyd & Coulter, 1961; Trapham, 1679; Turnbull, 1806) . Dry bellyache, a colic now known to be associated with Pb poisoning, was frequently mentioned in medical logs, so often in fact, that it was the third most common health complaint in the Navy at the time (Turnbull, 1806) . Dr John Trapham, a physician who worked in the colonial West Indies, connected symptoms he observed in his own patients with those seen in a Pb poisoning epidemic that had occurred in Europe yet did not make the diagnosis of Pb poisoning (Trapham, 1679) .
Rum was likely a substantial source of Pb for members of the British Royal Navy in the colonial West Indies (Blane, 1785; Buckley, 1978) . Both rum and its primary distillation product, known as 'lowwine', were easily accessible as sugar cane was the chief crop of the islands (Buckley, 1978; Handler et al., 1986; Howard, 2000) . Many of the distillation equipment's components were made from Pb, including condenser worms, still heads and troughs. The distillation process itself would also have contributed, as both the high temperatures and the liquid's acidity would have increased the Pb's mobility resulting in even more of the element leaching into the rum (Handler et al., 1986) . Daily rations for naval personnel included a half-pint of rum, and even greater consumption was accepted because it was generally believed that rum alleviated the effects of scurvy and tropical fevers (Duffy, 1987; Dyde, 1997; Lloyd, 1969) .
The amount of Pb that enters the system is dependent on several factors including age and route of entry. If an adult inhales Pb, their system will absorb about 30-50% of the dose, whereas if the adult ingests the Pb, about 10% of the dose will be absorbed (Bogen et al., 1976; Morrow et al., 1980) . In comparison, children absorb significantly more of an equivalent dose. Ingestion of Pb by young individuals will result in systemic absorption of 50% of the Pb (Ziegler et al., 1978) . Another factor that can affect absorption is the nutritional status of the individual. Adult absorption of Pb has been seen to increase from 10% to 60% during periods of fasting (Heard & Chamberlain, 1982) .
Almost all of the Pb that is absorbed into the body (90-95%) becomes deposited in bone tissue, and it can remain there for significant periods of time. The half-life of Pb in bone has been found to range from 2 to 27 years (Schütz et al., 1987) . The half-life is influenced by bone type and the individual's metabolism and age (Hyrhorczuk et al., 1985; O'Flaherty, 1993; Rabinowitz, 1991; Schütz et al., 1987) . The lowest remodelling rates are found in cortical bone, and as a result, Pb stays in cortical bone for the longest interval (Gulson & Gillings, 1997) .
Pb can be remobilised into the blood from bone. This can occur through normal remodelling, but it can also be brought about by other factors including pregnancy, starvation or bone injury Heard & Chamberlain, 1982; Smith et al., 1996) . Once Pb is in the blood, if the levels are high enough, symptoms of Pb poisoning can develop. Pb's presence in bone can therefore be indicative of a chronic disease state, which was likely poorly understood in the past. There might have been a considerable time interval between a known Pb exposure and the occurrence of Pb poisoning symptoms. If the accumulation was gradual, symptom onset might have appeared inexplicable or have been attributed to an incorrect aetiology.
The opportunity to investigate the possible prevalence of Pb poisoning in the colonial British Royal Navy was presented when a cemetery belonging to the Royal Navy Hospital in English Harbour, Antigua, West Indies (ca 1793-1822 CE) was excavated due to disturbance by modern development. According to historical documentation, the individuals interred in this cemetery were likely to have been low-ranking naval personnel and enslaved naval personnel (Varney & Nicholson, 2001) . The enslaved were a group of labourers called the 'King's Negroes' that were owned by the British Royal Navy and were given specialised training in trades, such as sail-making (Nicholson, 1991) . This cemetery was of special interest, since at the time of excavation it was believed to be one of the only unsegregated colonial era cemeteries (Varney, 2011) . The unusual composition of the interred population presented us with the opportunity to explore differential Pb exposure between enslaved and nonenslaved British Royal Navy personnel.
We hypothesised that there would be a significant difference between the bone Pb levels of the two ancestries, as this pattern had been observed in other comparisons of similar ancestral groups (Aufderheide et al., 1981; Hess et al., 2013) . Based on previous bioarchaeological and clinical research, we also expected to see higher levels of bone Pb with increasing age at death (Aufderheide et al., 1981; Corruccini et al., 1987; Schütz et al., 2005; Hess et al., 2013) .
Materials and methods
The excavation of the Royal Navy Hospital cemetery spanned five field seasons (1997) (1998) (1999) (2000) (2001) (2002) and yielded 673 Skeletal Lead Burden of the British Royal Navy in Colonial Antigua the remains of 31 individuals: 24 male adults, two male adolescents and five children under the age of 5 years (Varney, 2011) . Ancestry was assessed using craniofacial features following Gill and Gilbert (1990) and Rhine (1990) . Because of lack of skull preservation, only 14 of the individuals could be considered for ancestry determination: seven were of European ancestry and seven were of African ancestry. Further evidence supporting the gross assessment of ancestry was obtained via reconstruction of diet based on stable isotopic analysis (Varney, 2011) . Based on stable nitrogen values, all individuals in this study had similar protein sources; however, there were differences seen in stable carbon isotopes of the two different ancestries, suggesting differing carbohydrate staples (Varney, 2011) .
The analysis of these human skeletal remains has been pre-approved by Dr Reginald Murphy of National Parks, Antigua and Barbuda, as well as by the Lakehead University Research Ethics Board [project 042 [13] [14] .
Bone Pb, Ba, Ca and rare earth element (REE) levels were quantified using inductively coupled plasma mass spectrometry (ICP-MS). The ICP-MS data were analysed to allow comparisons between Pb levels of the different ancestries and age groups. REE levels, Ba/Ca, and Pb/Ca ratios were evaluated in order to assess diagenetic contamination.
From the 31 sets of remains, 23 male adult and adolescent individuals with determinable age ranges were selected for ICP-MS analysis. This set of 23 included 13 individuals whose ancestry had been assessed as being of either African or European ancestry (Table 1) . One individual whose ancestry had been assessed was excluded in the ICP-MS analysis reported here. The remains of the five children found at the site were also excluded from the study. Metabolic and rapid bone growth rates of very young individuals would potentially complicate interpretation of bone Pb data.
The fibula was chosen for trace element analysis, as it was the best represented and preserved long bone amongst the remains. Cortical bone is preferred over trabecular bone for studies of long-term Pb exposure because its lower turnover rate renders it more reflective of total skeletal burden (Wittmers et al., 1988) . In addition, it is also less subject to diagenetic change because of its reduced surface area as compared with trabecular bone (Grupe, 1988; Lambert et al., 1985) .
Fibular diaphyses were sampled for analysis. The samples were gently cleaned with a clean toothbrush, using water filtered first by reverse osmosis and then further purified by a Millipore Synergy unit, to remove residual materials resulting from excavation. This mechanical scrub was followed by a 5-min soak in purified water in an ultra-sonicator to dislodge leftover material. Bone samples of approximately 1 inch were cut from the diaphysis using a Ryobi BS903 band saw at Lakehead University in ON, Canada, and then sent to the University of Saskatchewan for further analysis following another 5-min soak in purified water in an ultra-sonicator to dislodge any loose material produced during cutting.
Preceding ICP-MS analysis, bone sections were heated to dryness at 60°C in a slide dryer, dependent on state of preservation . The dried bone samples were then ground to powder between two plastic weigh boats before being sent to the ICP-MS (Neptune, Thermofisher) in the laboratory of the Geological Sciences Department at the University of Saskatchewan (Saskatoon) for trace element analysis . ICP-MS was performed following the methods outlined in Stefanova et al. (2003) , Jenner et al. (1990) and Jackson et al. (1990) .
The mean Pb levels and standard deviations for the individuals of European ancestry and individuals of African ancestry were calculated. The distributions were then compared using a nonparametric statistical method, the Wilcoxon rank sum test, due to the small data set (n < 30). Box and whisker plots were generated to display the means, distributions and ranges of Pb levels of the two ancestries.
The 23 individuals were separated into different age groups, defined by the decade they were in at their time of death, that is, ≤20, 20-29, 30-39, 40-49, as well as 50 years and over. The mean Pb level and standard deviation of each group was calculated. Box and whisker plots were generated to display the means, distributions and ranges of Pb levels of the age groups in order to visualise any pattern that may be occurring. Finally, because the sample set was small, a KruskalWallis test was performed to query for the presence of significant differences in distribution variance amongst the Pb levels within the age groups.
Results
The results of the ICP-MS analysis for Pb, Ba, Ca and REE's are shown in Table 1 .
The graphical depiction of the comparison of Pb/Ca to Ba/Ca ratios can be seen in Figure 1 .
Graphical comparison (Figure 2 ) of the Pb levels of the African and European ancestries suggested a difference between their values, as was expected. The standard deviations, shown in Table 2 , and the ranges, 674 K. L. Giffin et al. Figure 2 also demonstrates that individuals of European ancestry had a slightly higher mean and a larger standard deviation than those of African ancestry. Statistical analysis using a Wilcoxon rank sum test revealed that the distributions of the Pb levels of the two ancestries were not significantly different (p-value 0.94).
The mean of Pb levels according to age groupings (Table 3 ) was compared graphically (Figure 3 ) in order to determine if there was a pattern according to age. An increase according to age was expected, but none was observed. No significant difference was found between the distributions of the age groups when the Kruskal-Wallis test was performed (p-value 0.24). The standard deviations, shown in Table 3 , and the ranges, as shown by the bars in Figure 3 , demonstrate the broad distribution of Pb levels within each age group.
Discussion
Diagenesis is a prevailing concern for studies involving trace element levels in archaeological bone. Soil samples were, unfortunately, not available for trace element analysis of the depositional environment. As part of a larger investigation, several bone samples from individuals included in this study were scanned using synchrotron radiation X-ray fluorescence imaging (SR-XFI) in order to map the Pb, along with other trace elements, within the bone structure as reported in Choudhury et al. (2016) and Swanston et al. (2012) . This elemental mapping permitted an assessment of the nature of the detected trace elements in terms of whether they were of post mortem (diagenetic) origin or incorporated in life (biogenic). Pb was observed to be unevenly incorporated within the bone microstructure. Some osteons demonstrated Pb enrichment, while others did not. The uneven distribution through the bone microstructure supports the interpretation of biogenic uptake, as diagenetic Pb is likely to appear concentrated on exposed surfaces or more evenly throughout the microstructure Wittmers et al., 2008) . These SR-XFI Pb patterns have been observed in remains from multiple disparate sites Choudhury et al., 2016; Swanston et al., 2016) . The results of the SR-XFI analyses support the principally biogenic nature of the Pb. The REE levels observed in this study also support biogenic elemental levels. The mean values of the detected REEs were below levels seen in fresh autopsy specimens from a modern non-industrial population, suggesting that the environmental uptake was minimal (Trueman et al., 2004; Zaichick et al., 2011 The broad array of lead levels found in this study is not easily interpreted, as individual bone Pb levels are influenced by many contributing factors. The route of absorption has a significant effect, as inhaled Pb doses result in greater absorption than Pb ingestion. Individuals from areas of greater industrialisation would likely have higher bone Pb as a result of environmental contamination (Hess et al., 2013) . The metabolic rate and health status of the individual have significant effects on their Pb absorption (Bogen et al., 1976; Heard & Chamberlain, 1982; Ziegler et al., 1978) . Periods of fasting or low food intake can result in the Pb absorption rate increasing to 60% of the Pb ingested, when the normal level is 10% (Heard & Chamberlain, 1982) . The overall health of the individuals in this study must be considered given the recovery context of their remains, as they were likely of low socioeconomic status and in hospital when they died. The source of exposure will also affect Pb levels. Pb sources can sometimes be determined using isotopic data, but quantitation alone, as we have carried out here, cannot provide adequate evidence of the nature of the source material. The length and timing of exposure will also have an impact on Pb absorption; however, bone remodelling releases Pb back into the blood, which can confound attempts to establish these variables. A small amount of the remobilised Pb will be excreted in urine, but most of it will be reincorporated into the bone (Schütz et al., 2005) . The personal habits of the naval personnel would also have played a part in their individual exposure to Pb. It cannot be assumed that all members drank rum excessively. There is historic documentation that indicates some members did not consume their rum ration but rather would pass it on to members that were considered too young to receive a rum ration (Thomas, 1968) . This may have 677 Skeletal Lead Burden of the British Royal Navy in Colonial Antigua contributed to the high Pb levels observed in some of the younger individuals in this study. The occupational duties and tasks of individuals are another important consideration for those exposed to Pb regularly while working. For example, those who worked with munitions would likely be at greater risk of Pb exposure than personnel whose primary tasks involved sailmaking. No documentation regarding the specific individuals in this study has been recovered, and without a greater understanding of their personal histories, it is difficult to draw conclusions regarding the variable bone Pb levels found in this investigation.
The distributions of the Pb levels associated with the two ancestries were not found to be significantly different following statistical analysis. This differs from the results found when the Pb levels of two ancestral groups from a colonial plantation in Virginia were compared. Aufderheide et al. (1981) found significantly higher mean Pb levels in individuals of European ancestry than those of African ancestry. The authors attributed their finding to different practises and behaviours of the two groups (Aufderheide et al., 1981) . Noteably, Europeans of higher socioeconomic status were known to eat food and drink from pewter dishes, and this may have resulted in their high levels of Pb. Also, the food may have already been contaminated through storage in Pb-glazed vessels, which were commonplace at the time. The enslaved labourers on the plantation were not known to have used the same serving ware for their food (Aufderheide et al., 1981) .
The lack of a significant difference between the distributions of the two ancestral groups in the present study suggests that their overall behaviours and practises were more similar than those of the groups studied in Aufderheide et al. (1981) . The sources of Pb, including rum and water, were likely equally available to both groups. The drinking water at the naval dockyard was likely contaminated because many of the naval dockyard's water troughs and cisterns were made from or contained Pb (Handler et al., 1986; Nicholson, 1991; Varney, 2011; Varney et al., 2012) . To help remedy the significant problem of rum being regularly passed on to the grounds, the Naval Hospital administration even felt the need to have a cactus hedge constructed as a physical barrier (Nicholson, 1993) . Artefacts found in a midden associated with the hospital including lead-glazed pottery and a vessel containing Pb acetate, which was used in medical practice at the time, indicate other possible sources of exposure during hospitalisation (Nicholson, 1983) . Food sources for all naval personnel, including the 'King's Negroes', were likely similar as well, given they were all being provisioned by the Navy. An earlier investigation into diet, via stable isotope analysis, indicated that both ancestries shared a common protein source but differed in their carbohydrate staple (Varney, 2011) . Because of the ubiquity of Pb in glazes, it is possible that the storage and dining vessels were also contaminated with Pb. Thus, the simultaneous treatment of enslaved and ranking naval personnel in the dockyard hospital, the dietary reconstruction study and, finally, the interment in an unsegregated cemetery together provide evidence of greater similarity in experiences for all Naval personnel of lower rank, regardless of ancestry.
Given Pb's tendency to accrue in cortical bone with age, along with similar bioarchaeological research, it was anticipated that a positive correlation pattern would be observed in the individuals examined in the 678 K. L. Giffin et al.
present study (Aufderheide et al., 1981; Corruccini et al., 1987) . Our results were unexpected in that no distinct pattern of accumulation with respect to ancestry or age was observed in the population from the British Royal Navy hospital cemetery at English Harbour. The generally high accrual of Pb in the fibula of the youngest group, those between the ages of 14 and 20 years at death, was in line with expectations. The prevalence of Pb in the colonial period coinciding with the greater degree of Pb dose absorption and higher rate of bone deposition in younger individuals all support this outcome (Ziegler et al., 1978) . It should be noted that diagenesis may have contributed to the subadult Pb levels, as their bones are more porous and thus more subject to environmental alteration (Wittmers et al., 2008) . However, the range of Pb values within the young individuals' age group, 21.70 to 214.77 ppm Pb, supports biogenic incorporation, as not all have high Pb levels.
The absence of the expected positive correlation pattern between bone Pb levels and age implies that the Pb exposure may not have been at a consistent rate. This is supported by our comparison of Ba/Ca ratios to Pb/Ca ratios (Figure 1 ) that found a lack of correlation between these two ratios, suggesting exposures that varied in intensity and duration (Patterson et al., 1991) . Even if the exposure within the navy was constant, we lack information regarding at what age each of these individuals became involved with the navy. During the European colonial period, a significant percentage of naval personnel was acquired through press-ganging, and this tactic was known to be rather indiscriminate (Lloyd, 1969) . Substantial variability within each of the age groups indicates considerable variation amongst individuals' habits and behaviours, for example, in their alcohol consumption levels. Some members consumed amounts beyond their daily rations, some abstained and there were likely moderate consumers as well (Lloyd, 1969; Thomas, 1968) . Pb exposure may have occurred at any point in their lifetime, and their ages, individual habits and health at the time of exposure would have significant effect on the Pb levels detected in their bones. At this time, there is no method of bone tissue analysis that allows researchers to determine at which points in an individual's life the exposure to Pb occurred.
An estimation of the prevalence of lead poisoning in the British Royal Navy as a whole cannot be directly answered with the results of this study. The elevated bone Pb levels of several of the individuals do, however, indicate a probability that at some point they would have suffered some effects of Pb poisoning. Parts per million levels of Pb found in bone roughly correspond with microgram/decilitre concentrations found in blood (Glenn et al., 2006) . This suggests that as many as 17 of the 23 individuals analysed here might have experienced symptoms of Pb poisoning, ranging from mild to very severe (Handler et al., 1986; Schroeder et al., 2013) . This is a rough evaluation, as diagenetic deposition could alter interpretation. Even if the biogenic Pb levels were certain, there are other variables that govern a given individual's vulnerability to the effects of Pb poisoning, such as stress levels and genetic factors (Millar et al., 2015) .
This study determined the bone Pb levels of 23 individuals from a colonial era British Royal Navy hospital cemetery at English Harbour, Antigua. As discussed earlier, there are some limitations that must also be considered. Diagenesis cannot be completely excluded, limiting the accuracy of our deductions. The fact that these individuals had been hospitalised at the time of their death may have biased the results because of their presumed poor health status which may have increased Pb absorption. Their hospitalisation itself may have directly resulted from Pb poisoning and, ultimately, may have resulted in death. Thus, the prevalence of higher Pb levels may be positively skewed in this sample set. If the individuals' health status was negatively affected by elevated Pb levels, they may have been more susceptible to the many pathogens that prevailed at this point in history. The small sample set also limits the conclusions that can be drawn from the data.
This investigation does still provide insight into the lives of those in service to the colonial British Royal Navy. There are few historical accounts of the lives of Navy personnel in colonial Antigua, especially those regarding the lives of those in the lower ranks, and as such, there has been a gap in the knowledge base regarding the European expansion into the West Indies.
A wide range of Pb levels was found in the bone samples analysed in this study. This variation can be attributed to many influencing factors, including metabolism, habits, labour duties and health. No bone Pb accumulation patterns in regard to ancestry or age were detected. While we cannot definitively determine the prevalence of Pb poisoning within the colonial British Royal Navy with the results from this study, it is likely that several individuals from this group experienced symptoms of Pb poisoning at some point in their lifetimes, particularly those whom had bone Pb levels exceeding 200 ppm. It is important to note that there is no accepted safe amount of Pb for humans, particularly for those who are still undergoing physical development (Centres for Disease Control and Prevention, 2016; National Institute of Environmental 679 Skeletal Lead Burden of the British Royal Navy in Colonial Antigua Health Sciences, 2016; World Health Organization, 2016) . Data from this study indicate that Pb exposure was likely commonplace during the colonial era, as all the individuals' bones analysed in this study contained Pb. These results also demonstrate that it should not be presumed that all individuals from the Colonial period were consistently exposed to very high levels of Pb. Farrer (1993) believed that 19th century British adults would have had a very high background level of Pb and our study reveals that would not have always been the case. Methodological improvements that allow investigators to determine more precise information regarding timing and severity of an individual's exposure will likely allow researchers to draw even more information from the bone Pb results found in this study, as well as greater understandings of the health status of other past populations.
